ABSTRACT: Global and smaller-scale assessments of biodiversity typically use only 'species' measures. Using a broader set of concepts, we show that different biodiversity elements can exhibit contrasting patterns within the same environment. The Arabian Gulf, estuaries and hydrothermal vents are stressful environments having low species richness yet high β(turnover)-diversity, and around vents taxonomic distinctness is also marked. Similarly, in the Atlantic, β-diversity of starfishes declines from the coasts to the deep sea, contrasting with patterns of species richness and taxonomic distinctness. Thus, environments can, unexpectedly, be both 'hotspots' and 'coldspots' of biodiversity. These results have major implications for international conservation programmes which use biodiversity as a major criterion for identifying priority regions. Unpicking and prioritizing biodiversity's different threads will help environmental organisations better define and target hotspot regions. Current applications of complementarity could theoretically be expanded from a regional to a global perspective, to determine areas in which biodiversity representation is maximal but concepts are not applicable to assemblage properties (e.g. taxonomic distinctness).
INTRODUCTION
Comprehensive understanding of biodiversity is difficult in both ecology and conservation in view of the concept's multidimensional nature (Gray 1997 , 2000 , Margules & Pressey 2000 , Purvis & Hector 2000 , Warwick & Clarke 2001 . Often assessments have centred on 'species' measures such as richness (Williams et al. 1996 , Reid 1998 , heterogeneity diversity (relative abundance of species; Gray 2000) and endemism (Williams et al. 1996 , Reid 1998 , to define biodiversity hotspots. Recent concepts have included complementarity (Williams et al. 1996 , Reid 1998 , Margules & Pressey 2000 , Warwick & Clarke 2001 , Williams 2001 and taxonomic distinctiveness as measures of relatedness (Warwick & Clarke 2001) , for maximising biodiversity representation within a limited area. These approaches are commonly used in terrestrial but not marine conservation planning.
For biodiversity assessments involving different sampling methods and/or spanning multiple habitats, advantages of taxonomic distinctness and other estimates of phylogenetic or taxonomic relatedness, based on average properties (Warwick & Clarke 2001) , seem compelling. These measures can be computed from simple, even partially complete species lists (Warwick & Clarke 1998) (i.e. low-resolution data) , are relatively insensitive to disparities in sampling effort and taxonomic rigour and, additionally, may provide more intuitive/comprehensive measures of biodiversity than conventional, 'species' indices (Warwick & Clarke 1998 , Izsak & Price 2001 . Taxonomic distinctness concepts may have particular application in global and other broadscale geographic comparisons of biodiversity and global change, particularly over large space and time scales (Warwick & Clarke 2001) . β(turnover)-diversity, i.e. change in species composition (not richness) along a spatial dimension, is another facet of biodiversity (Gray 2000 , Izsak & Price 2001 . It, too, has much conservation significance (Schlacher et al. 1998 ), yet has generally been neglected, particularly in marine environments (Gray 2000 , Izsak & Price 2001 .
Despite attraction for conservation planning, the justification for distilling biodiversity -a complex biological attribute -to a few dimensions or even a single universally applicable index of diversity (Margules & Pressey 2000 , Purvis & Hector 2000 is uncertain. Clearly, the stronger the intercorrelations among different measures of biodiversity, the more robust might be such an approach (Purvis & Hector 2000) . Recent reviews (Lande 1996 , Gray 2000 , Warwick & Clarke 2001 indicate varying degrees of concordance among biodiversity measures, but generally not negative correlation, although this too has been observed between different simulated taxonomic distinctness measures) (Warwick & Clarke 2001) and between species/taxon richness and endemism (Price 1982 , Sheppard et al. 1992 , Reid 1998 .
In this paper we examine biodiversity from a much broader perspective, involving both conventional 'species' and relatedness measures involving taxonomic distinctness, as well as β-diversity. Using examples from both stressful and normal marine environments, we demonstrate contrasting patterns of biodiversity using different measures in the same environment.
METHODS
Biodiversity is assessed for 3 stressful environments (Arabian Gulf, estuaries, hydrothermal vents) at various spatial scales. The data are semi-quantitative, aggregate measures of different dimensions of overall biodiversity, i.e. all species groups for which data are available, derived from species presence/absence information (details in 'Results' and Table 1 ). For the Arabian Gulf, β-diversity is expressed as dissimilarity of species in different benthic biotopes/ecosystems, following cluster analysis using Ward's (1963) method. β-diversity for estuaries and hydrothermal vents is the qualitative change in species composition along a spatial gradient. Biodiversity is also determined for less stressful, normal environments, as represented by asteroids (starfishes) from different depth zones of the Atlantic (details in Table 2 ).
RESULTS

Stressful environments
The Arabian Gulf's biota is impoverished, with low species richness (Table 1) at both the large area/biogeographical province scale and the within samplescale for many groups, including corals, algae and echinoderms (Price 1982 , Sheppard et al. 1992 . This is attributed to stressful environmental conditions, including extreme sea temperatures (<12 to 30°C) and high salinities (40 to 60 ppt) (Sheppard et al. 1992) , coupled with devastating post-Pleistocene sea-level fluctuations (Price 1982 ). Yet the Gulf has distinctive habitats and assemblages, and hence β-diversity is high (Fig. 1) . The opposite pattern is evident for the Chagos Archipelago. The high biodiversity commonly attributed to this central Indian Ocean archipelago stems from its rich reefs (Spalding 1999 ) and associated biota. Coral species richness is the second highest (220 species) of 26 regions in the Indian Ocean, whereas the Gulf (62 species) is among the most species-poor regions (Sheppard 2000) . But Chagos has remarkably few marine habitats (reef coral, coralline algae, sand; Price 1999), relatively constant environmental conditions, and high connectivity among sites (Price 1999 , Spalding 1999 ; β-diversity is therefore low. Hence, is Chagos unequivocally a 'hotspot' and the Gulf a 'coldspot' of biodiversity?
Some biota in the Gulf also display high endemism (e.g. 15% ocypodid and grapsid crabs: Apel & Türkay 1999; 12% echinoderms: Price 1982) as well as high genetic diversity (mangroves; Dodd et al. 1999) . Populations with high genetic diversity theorically have greater evolutionary potential or capacity to adapt to changing environmental conditions (Roberts et al. 2002a ). In the Gulf and most of the world's environments, genetic diversity is poorly understood and has not been a significant factor influencing the selection 24 (Roberts et al. 2002a ). In some terrestrial cases (parts of Vavilov Centres) hotspots of high plant genetic diversity (Hawkes 1999 ) are represented in protected area systems (IUCN 1994) . At a smaller (ecosystem) scale, other stressful environments with low species richness include estuaries (Table 1) . Since biota prograde from stenohaline marine species through euryhaline species to exclusively freshwater species, there is rapid spatial species turnover over tens of kilometres or less. Hence, estuaries have very high β-diversity. Another example is the (sulphur-driven) hydrothermal vent assemblages (Table 1) , which are small (25 to 60 m diameter) and comprise a highly distinctive fauna (> 95% endemism to vent fields) confined to just a few metres of the vent system (Nybakken 1997) . Hence, β-diversity around vent regions is high, despite low species richness (several hundred species) compared with other deep-sea localities (Lutz & Kennish 1993) . Taxonomic distinctness is also qualitatively high, on account of the higher taxa richness (which include newly recorded/endemic taxa: 1 phylum, 1 class, 3 orders, more than 20 families and 50 genera; Tunnicliffe 1992).
'Normal' environments illustrated using starfish depth distributions in the Atlantic Table 2 shows the biodiversity of Atlantic starfishes at the supra-biogeographical province (oceanic) scale, as an example of less stressful environments. β-diversity is maximal in coastal waters, lower at intermediate depths, and least in deep-ocean basins. In contrast, species richness of coastal waters and the deep sea are equivalent, and greater than at intermediate depths. However, when area differences are taken into account, there is evidence (from 2 regions) that shallow coastal waters may be more diverse than the deep sea. Overall, endemism is twice as great in the deep sea than at the coast. Taxonomic distinctness, a measure relatively uninfluenced by sampling effort, shows yet another pattern: significantly higher biodiversity at intermediate depths than in shallow waters (differences with the deep sea not being significant). Hence, within a given region, radically different biodiversity patterns can emerge from the same dataset, depending on which facet(s) are examined. A global example of this apparent incongruity is evident from comparisons between sea (ca. 15% of recorded species, 32 of 33 phyla represented) and land (12 of 33 phyla represented) (May 1994) .
DISCUSSION
This paper is not a comprehensive review of marine biodiversity determined according to different metrics, and the set of examples is necessarily limited. Further, biodiversity estimates are not all based on high-resolution data, which are generally difficult to obtain at large/oceanic scales and for remote environments. Nevertheless, the study demonstrates that environments can exhibit contrasting patterns of biodiversity depending upon which element is being measured. This ecological observation has major conservation implications. (Sheppard et al. 1992 ) using Ward's (1963) method. At least 11 major benthic habitats and assemblages are recognised, and the species richness (as number of species) of each is indicated on abscissa (from Basson et al. 1977) . Mangroves and saltmarshes, which (unusually) co-occur in this region, have been excluded as they form part of intertidal mudflats. Distinctive sub-assemblages are also evident, 2 in subtidal mud, 2 in subtidal sand (from Sheppard et al. 1992) , and 6 intertidal infaunal assemblages (from McCain 1984) Attempts to counteract biodiversity erosion form the thrust of the Convention of Biological Diversity and many other programmes (Gray 1997) . The Global Environment Facility (GEF) of the World Bank and UN Development Programme is the world's largest environmental initiative, with a 3 yr budget of $ > 2 billion (Sherman & Duda 1999 ; see www.gefweb.org). One of its major eligibility criteria for funding is to be 'rich in biodiversity'. In these and other programmes, assessment and conservation of hotspots to date has invariably involved very limited biodiversity concepts. But, as this paper shows, environments identified as hotspots using one measure can be coldspots when evaluated by another. This study reinforces the view that biodiversity conservation practice lags behind advancing ecological theory (Pimm & Lawton 1998) , especially for marine environments (Warwick & Clarke 2001 , Roberts et al. 2002a .
How might this discordance be addressed? For mainly practical reasons, biodiversity surrogates are clearly needed and are the way forward (Warwick & Clarke 2001) , so what approaches for biodiversity assessment and conservation might prove fruitful?
First, complementarity is a central concept for prioritizing areas in systematic conservation planning (Margules & Pressey 2000) . It determines the extent to which a new area contributes otherwise unrepresented features (evolutionary characters, species richness and/or restricted range, habitats) to another area or system of areas (Williams et al. 1996 , Margules & Pressey 2000 , Warwick & Clarke 2001 , Williams 2001 . Although no organisation appears to have used complementarity for defining priority regions for conservation at the global level, current applications for identifying locations in which biodiversity representation is maximal could theoretically be expanded from a regional perspective (Williams et al. 1996 , Margules & Pressey 2000 , Warwick & Clarke 2001 , Williams 2001 . It is unclear if the Chagos Archipelago and Arabian Gulf would be among such a global set of locations. Principles of complementarity could also help ensure representation of distantly related species, and hence adequate coverage of sites from different biogeographic regions. Clearly, a massive (global) database of species or other biodiversity features would be needed, but is unavailable. Further, similar patterns of complementarity among well-studied taxa are not assured (Pimm & Lawton 1998 , Williams 2001 . In contrast to complementarity and other measures of taxonomic distinctiveness, which focus on individual species or features, taxonomic distinctness is an assemblage property (Warwick & Clarke 2001) . It measures features of its overall taxonomic spread, to which the concept of complementarity is not applicable (Warwick & Clarke 2001) . It finds greater application in marine biodiversity assessment, while the use of complementarity and taxonomic distinctiveness has been confined mainly to terrestrial conservation (Warwick & Clarke 2001) .
Second, following from the above, biodiversity must be disaggregated into its constituent elements, including commonly neglected aspects such as taxonomic distinctness and β-diversity, whose functional role is still unclear. More generally, links between biodiversity and ecosystem services require urgent research attention (Pimm et al. 2001 ). In the absence of comprehensive assessments, representation of all ecosystems/ habitats serves as a proxy for encompassing areas of high species richness (Roberts et al. 1999 ) and β-diversity. However, different biogeographical regions cannot be compared directly using this approach.
Third, biodiversity needs to be assessed at different spatial scales: point, sample, large area and biogeographical province, the last 3 scales equating approximately to α, γ and ε-diversity as used in earlier literature (Gray 2000) . IUCN (The World Conservation Union) has recommended protecting ≥10% of every biogeographic region (Reid 1998) . Broadscale protection is urgently required, irrespective of whether con-26 Table 2 . Biodiversity of Atlantic Ocean starfishes by depth, showing a broad spectrum of biodiversity measures determined from comprehensive data set . SR O : supra-biogeographical province or ocean-scale species richness. N: total number of species (after standardising for area difference and scaling to 1) for 2 adjacent comprehensively sampled and comparable regions -UK continental region (0 to 499 m depth) and Western European Basin/Rockall Trough (> 500 m depth). ∆*: taxonomic distinctness computed using methods of Warwick & Clarke (2001) . ∆**: 'quantitative' formulation of taxonomic distinctness using prevalence of each species, and % cover or area occupied by each species . β-diversity determined from assemblage distinctiveness by cluster analysis using Dice similarity coefficient and group average clustering method . Using recently developed taxonomic similarity (∆ S ) indices, mid-waters have highest β-diversity (Izsak & Price 2001) ; only endemism levels for coastal waters and deep ocean could be estimated from compiled data Depth servation attention is directed at species or ecosystems/assemblages (Roberts et al. 2002a,b) . The present analysis underscores the need for the protection bar to be set higher: 10% would be barely adequate to incorporate the full spectrum of biodiversity even using the present, simplistic concepts of diversity. Applying biodiversity criteria in the broader sense set out in this paper will almost certainly require more area to be protected (see also Roberts et al. 2002b) .
There is urgent need for environment programmes to expand the range of biodiversity concepts and measures that they use. Retaining a straightforward focus on richness/endemism and other species measures may leave aspects of diversity inadequately protected. Equally, species-poor systems may need greater conservation effort in order to avoid the loss of essential ecosystem services. Elucidating and prioritizing biodiversity's different facets should help ecologists better define, and organisations better target, high-priority regions for protection.
